ABSTRACT We investigated several aspects of the nesting biology of Epicharis metatarsalis Friese (Hymenoptera: Apidae) in a lowland wet-forest of northeastern Costa Rica. Five large aggregations were found 30 Ð100 m from larger rivers at the La Selva Biological Station. The relatively short nesting season, from May to August, indicates that E. metatarsalis is probably univoltine. Four nests were excavated to study nest architecture, and Þve brood cells from three different nests were analyzed for pollen composition. Additionally, we analyzed pollen loads from 33 females returning from pollen-collecting trips, and we observed male patrolling behavior. The canopy tree Apeiba membranacea Spruce ex Benth (Tiliaceae) was found to be the principal pollen source, representing an average proportion of 98.5% of each pollen load and 93.4% of the larval provisions. The brood cell with the lowest proportion of A. membranacea pollen contained 89.3% A. membranacea pollen, which was 98.5% by relative volume. Pollen of Byrsonima crispa A. Juss. (Malpighiaceae) was the second most frequently encountered pollen with average proportions of 1.3 and 4.9% in pollen loads and larval provisions, respectively. E. metatarsalis can thus be considered oligolectic. The E. metatarsalis nesting season coincides with the relatively short ßowering season of B. crispa, perhaps because of the importance of B. crispa as a source of oils rather than nectar.
The large centridine bee, Epicharis metatarsalis Friese (Hymenoptera: Apidae), has been collected in Venezuela, Panama (Friese 1900) , and Costa Rica (Friese 1904 , Snelling 1984 where it is most likely restricted to lowland wet forests, because no records from dry forests or higher altitudes are available (R.T., unpublished data). Like other species in the largely Neotropical tribe Centridini, which comprises the genera Centris, Ptilotopus, and Epicharis, E. metatarsalis nests in large aggregations in the ground that can consist of hundreds to thousands of nests in an area of tens to hundreds of square meters (Inouye 2000) . Aspects of female E. metatarsalis nest location behavior have been investigated (Inouye 2000) ; however, little has been written about nest architecture, the provisioning of brood cells, or the behavior of males patrolling nest aggregations. Several studies on the nesting biology of Centris and Epicharis in general are available (e.g., Roubik and Michener 1980 , Laroca et al. 1993 , Inouye 2000 , but surprisingly little is known about larval provisions for these genera (Hiller and Wittmann 1994, Quiroz-Garcia et al. 2001) . Knowledge of the content of brood cells is important for interpreting observations of foraging bees, because it provides the most direct measure of resource use by the larvae, and it allows an evaluation of the degree of resource specialization (i.e., whether a species is oligolectic, specializing on one or very few host plants).
The majority of species in Centridini collect ßoral oils from ßowers of Malpighiaceae and a few other plant families (Vogel 1974, Neff and Simpson 1981) . Although several observations on the oil-collecting behavior of centridine bees are available (Hiller and Wittmann 1994, Vinson et al. 1997) , the role of ßoral oils in larval provisions is poorly known. A detailed study on the nesting biology of Epicharis dejeanii Lepeletier (Hiller and Wittmann 1994) did not reveal oligolectic behavior (with or without correcting for pollen volume). The study of Quiroz-Garcia et al. (2001) analyzed scopal loads and larval provisions, but none of the three Centris species they investigated were clearly oligolectic, although C. nitida showed a strong preference for Malpighiaceae pollen.
In this study, we describe the nest architecture and nesting habitat of E. metatarsalis, and we provide a brief description of male behaviors. We also analyze the pollen composition of scopal pollen loads of females returning to the nest and the composition of larval provisions. This allows us to evaluate whether E. metatarsalis is oligolectic and to evaluate the relevance of Malpighiaceae pollen and oil for the larval nutrition of E. metatarsalis.
Materials and Methods
The study was carried out at the 1,550-ha La Selva Biological Station of the Organization of Tropical Studies, located in the lowlands of northeastern Costa Rica (10Њ 26Ј N, 84Њ 00Љ W) at 37Ð150 m above sea level. This site is classiÞed as tropical lowland wet forest in the Holdrige Life Zone System. Mean annual rainfall is 3,962 mm, and all months average at least 150 mm of rainfall (McDade et al. 1994 ). June to December, which average 350 Ð 480 mm rainfall per month, is considered the wet season. The data we present were collected during prolonged stays at La Selva from 1996 to 2000 and several shorter visits from 2001 through 2005, and result from hundreds of hours of observations.
Nesting Seasonality, Habitat, and Nest Architecture. Nesting activity was monitored at Þve sites on the La Selva station over 2 to 4 yr. We excavated nests at two sites, carefully removing soil in sections that allowed us to trace a nest from the surface to its terminus, including any side branches. Brood cells were collected as they were encountered and stored in vials for further analysis. Female activity and male behavior was observed for up to 6 h/d.
Male Behavior. We observed male E. metatarsalis behavior both at nesting aggregations and while bees were foraging in tree canopies. More detailed observations of male behavior at nesting aggregations were made in June and July 1996 , 1997 . In July 2005, we counted the number of males patrolling over 1-m 2 quadrates and also marked individual males with ßuorescent powders, so that they could be visually followed and the boundaries of the patrolled area could be assessed.
Pollen Resource Use. Samples for the study of pollen use were taken from the scopal loads of females returning to the nest and from excavated brood cells. Females returning from pollen foraging trips were caught at the nest entrance, and then they had their pollen load sampled by carefully "combing" one of the scopae with a pair of forceps (no. 5) until a pellet of Ϸ3Ð 4 mm in diameter was formed. Samples were stored in 70% alcohol until acetolysis in the laboratory. Two samples were taken from the provision mass of each excavated brood cell, one sample from the bottom, or distal part, of the cell, and one sample from the middle, or central portion of the pellet. Pollen composition was similar for the two samples, so we present only pooled results.
The preparation of pollen grains was carried out following the acetolysis procedure described in Thiele (2002) , except that samples were cleaned in an ultrasonic bath before and after boiling for 10 s each time. The preparation of slides and the quantitative analyses of the samples were performed as described in Thiele (2002) , except that, for each larval provision or scopal load, a total of 1,000 pollen grains was counted. Pollen volume was calculated using a volume equation for spheres (4/3r 3 ), and average measurements of 10 noncollapsed, haphazardly encountered pollen grains for each pollen type. Further procedures followed the methodology of Hiller and Wittmann (1994) . Pollen grains of Byrsonima spp. are difÞcult to identify due to their small size and tricoloporate aperture type, which is very common among tropical Dicotyledonae (Roubik and Moreno 1991). Therefore, one subsample of each sample containing Byrsonima-like pollen was prepared for analysis using a scanning electron microscope (SEM). A small drop of Ϸ5 l of each sample was applied on small pieces of scotch silver tape, dried at room temperature and sputtered 24 h later, following general methods for SEM.
Results
Nesting Seasonality, Habitat, and Nest Architecture. Nesting activity began between mid-April and midMay, although in 1997, six males and one female were collected between 15 and 31 March at ßowers of Vochysia guatemalensis D.Sm. (Vochysiaceae). Nesting activity seemed to peak during June. Very few nesting females were observed after the beginning of August. The locations of the nesting areas were 30 Ð100 m distant from the bank of one of the two large rivers at La Selva, the Rio Sarapiqui or Rio Puerto Viejo, and separated from each other by distances ranging from 60 to 2,300 m. At all nesting sites, the shrub layer had been removed at regular intervals by human activity. Two sites ("La Guaria" and "Plagas") were used for experimental plantations. One site ("La Flaminea") was a garden-like area and the remaining two were found in or at the edge of wide, regularly maintained trails surrounded by relatively young secondary forest. The soil at all sites was clay mixed with varying proportions of sand.
Nests at La Guaria and Plagas consisted of a vertical main tunnel with lateral tunnels of 9 Ð12 cm branching off from the lower third of the main burrow ( Fig. 1b and c). These lateral tunnels are loosely Þlled with soil after oviposition. A single brood cell was located at the end of each horizontal lateral tunnel. The deepest nest (Fig. 1b) was one of two excavated at Plagas. The main burrow of this nest continued 5 cm beyond the branching point of the last open lateral burrow, reaching a total depth of 120 cm. At this site, we excavated two complete nests and found a total of 21 brood cells, most of which could not be assigned to a speciÞc nestÕs main burrow, because short lateral tunnels had been Þlled in with soil. At least Þve lateral tunnels were unambiguously associated with one nest. The depths of the excavated cells ranged from 62 to 115 cm. One nest at La Guaria (Fig. 1a) had a main burrow that was vertical to a depth of 52 cm, then turned away from the vertical axis at an angle of Ϸ100Њ and continued for 28 cm to a brood cell. It was difÞcult to categorize the slanted part as either main burrow or horizontal tun- Individually marked males at the "Huertos" nesting site in 2005 patrolled a range of Ϸ0.5Ð2.5 m 2 (n ϭ 9 males), pursuing females that entered these areas, and occasionally chasing males that patrolled adjacent areas. Males alternated periods of ßying in circles or Þgure eights for 30 Ð 45 min with absences of 7Ð15 min, which are assumed to be foraging bouts but may also include time patrolling near inßorescences. Individually marked males patrolled nearly identical spatial locations on consecutive days.
On several occasions, one of us (R.T.) was able to observe and collect males of E. metatarsalis ßying low over the inßorescences of a 35-m-tall D. panamensis. Approximately 10 Ð15 E. metatarsalis males occupied territories in the treetop, often ßying circles and Þgure eights in the same area. When a female or a group of females arrived in the treetop, males immediately pursued these females through the treetop but returned to their territories after a few seconds. Two males caught while pursuing females had protruding genitalia, which suggests that these chases were more than territorial aggression.
Pollen Resource Use. Pollen of the canopy tree Apeiba membranacea Spruce ex Benth (Tiliaceae) (Fig. 2) was the dominant pollen type in both samples from excavated brood cells and from scopal loads of pollen foraging bees ( Fig. 4; Tables 1 and 2 ). The average proportion of A. membranacea pollen in scopal loads was 98.5% (97.7Ð99.2%) and in larval provisions was 93.4% (86.4 Ð98.4%). Byrsonima crispa A. Juss. (Malpighiaceae) pollen (Fig. 2 ) averaged 1.3% (0 Ð 4.3%) of scopal loads and 4.9% (1.4 Ð10.3%) of larval provisions. Pollen of other Malpighiaceae taxa represented from 0 to 1.4%. All other pollen types were found in low proportions. We consider the presence of pollen from species other than A. membranacea and Malpighiaceae taxa a by-product resulting from passive uptake during nectar foraging and not of active pollen collecting by the female.
We estimated pollen volumes for a brood cell (Table 2) that had the lowest percentage of A. membranacea pollen. Except for the few Stigmaphyllon sp. pollen grains (Fig. 3) (included in "other Malpighiaceae"), all other pollen found in this sample was smaller than that of A. membranacea and thus contributed very little to the total volume of pollen in the sample. Calculated per total volume, the proportion of A. membranacea pollen increased to 98.5%; B. crispa volume was only 0.6%; other Malpighiaceae was 0.3%; all other pollen represented only 0.6% of the volume. The relative proportion of A. membranacea by volume should be even greater in the other samples, because they contained greater proportions of A. membranacea pollen by counts. Byrsonima pollen is the dominant type of Malpighiaceae pollen collected, with only a few grains of other genera, likely because of the high local abundance and the large number of ßowers per tree for both B. crispa and the cultivated B. crassifolia (R.T., unpublished data).
Close inspection of the dried provisions of two complete pellets revealed the presence of two darker layers in the light yellow pollen mass. These layers seemed to be of liquid origin, possibly ßoral oils, which hardened during the drying process. Of the 18 females collected at different ßowers, 10 had oil loads in their scopae (Fig. 5) and their tarsal combs were covered with a thin layer of oil as well. Even the hardened scopal oil loads of pinned specimens were still shiny and transparent after 6 yr and easily recognizable as dried liquid. All 10 females with oil loads were collected at Malpighiaceae ßowers: six at B. crispa, three at B. crassifolia, and one at the liana Tetrapterys sp. A few scattered pollen grains of another Malpighiaceae liana, Stigmaphyllon sp., were found in larval provisions and scopal loads. None of the females collected at nectar hosts (D. panamensis, Dussia sp. [Fabaceae] , Genipa americana L.
[Rubiaceae], V. guatemalensis and Vochysia ferruginea Mart. [Vochysiaceae]) had either oil or pollen in their scopae and the tarsal combs were free of oil, indicating that bees clean themselves thoroughly between oil and nectar visits and that the presence of oil in these organs can be used as evidence for oil collecting at a given ßower.
Discussion
Nesting Seasonality, Habitat, and Nest Architecture. The nesting period for E. metatarsalis falls within the main nesting season documented for wood-nesting centridine (i.e., Centris analis F. and Centris vittata Lepeletier) and some noncentridine bees in another study at La Selva (Thiele 2005 ), but it is much shorter. The shorter nesting season could be a response to ßooding, because rising ground water levels during the wet season may interfere with nesting activity (see McDade et al. 1994 , Thiele 2005 for precipitation data). Roubik and Michener (1980) mentioned that the nesting area of Epicharis zonata F. Smith was ßooded during the wet season. Although we do not have direct evidence that nests of E. metatarsalis were ever completely covered by the water table of nearby rivers, it is possible that at least a portion of cells were below the water table during large ßoods recorded at La Selva during the past 10 yr. The maximum river levels recorded at La Selva in 1998 reached the Huertos nest site and brießy covered some nest entrances.
The ßowering phenology of the main pollen sources broadly overlaps with the nesting phenology of E. metatarsalis. The primary pollen source, Apeiba membranacea, was observed in peak ßower from late April to early August in 1998, from May to July in 1999, and from June to August in 2000, although trees with a few scattered ßowers were observed during all months except January and February. Flowering B. crispa were observed in June 1998 and June and July 1999. Two individuals ßow-ered as early as late May in 1998. The nest architecture of E. metatarsalis differs from that of other Epicharis species studied so far (Camargo et al. 1975 , Laroca et al. 1993 , Raw 1992 , Hiller and Wittmann 1994 , Gaglianone 2005 , except E. zonata (Roubik and Michener 1980) . In both E. metatarsalis and E. zonata, the brood cells are located at the end of short lateral tunnels, which originate from the lower half of the vertical main burrow. However, the maximum depth of cells we observed for E. metatarsalis was markedly greater (115 cm) than for E. zonata (52 cm), and the preferred substrates were different (clay versus sand). The similarities in nesting habitat and architecture between E. metatarsalis and E. zonata may be a derived condition, because these species belong to the derived subgenus Parepicharis Moure and share several synapomorphies with species in Triepicharis and Anepicharis (Ayala 1998). More detailed nest descriptions of species in other subgenera of Epicharis are needed to evaluate the evolution of nest habitat and architecture in this genus.
Male Behavior. The establishment of male mating territories has been observed in several species of Centris (Alcock et al. 1976 , Vinson et al. 1996 . In Epicharis, only the typical male behavior of ßying low over nest aggregations has been described previously (Raw 1992, Hiller and Wittmann 1994) . In this study, we were able to observe male territorial behavior at ßowers in the forest canopy and at nearby nesting sites. Our observations are the Þrst to document that males patrol small territories at the nest aggregations rather than randomly ßying across the entire nesting area in their search for females. We suggest there are at least three male mating strategies in the genus Epicharis: 1) patrolling at the nesting site, 2) patrolling ßowers in the canopy, and 3) digging for females. Digging for virgin females may be a less important mating strategy for E. metatarsalis than for C. pallida (Alcock et al. 1977 ), because we rarely observed this behavior.
Pollen Resource. The deÞnition of oligolecty is still debated among bee ecologists. However, host plant specialization is nevertheless an important concept in bee ecology and conservation. Some studies have used a relative proportion of 95% for the dominant pollen type as the threshold for deÞning oligolecty (Mü ller 1996 , Thiele 2002 , whereas other authors have pointed out that the nutritional importance of pollen cannot be measured by relative abundance alone but that it should include the calculation of pollen volume (OÕRourke and Buchmann 1991 , Silveira 1991 , Hiller and Wittmann 1994 . Pollen volume has rarely been considered in analyses of bee larval provisions, probably because the methodology is time-consuming. However, to classify species as oligoleges (specialists), pollen volume should be estimated for at least some samples, where the dominant pollen type is near the 95% threshold for oligolecty. This is even more important in cases where numerically dominant pollen types are relatively small.
The high proportion of A. membranacea pollen in our samples strongly suggests an oligolectic pollen collecting behavior for E. metatarsalis. Because the proportion of A. membranacea pollen grains in larval provisions did not always exceed a 95% threshold for oligolecty, we estimated the pollen volumes for the brood cell with the lowest relative abundance of Apeiba pollen ( Table 2 ). The 98.5% relative volume of A. membranacea pollen in this sample clearly illustrates the signiÞcance of this species for the larval nutrition of E. metatarsalis and justiÞes categorizing E. metatarsalis as oligolectic. Roubik et al. (2002) found E. metatarsalis to be the most frequent visitor at A. membranacea in Panama, which is consistent with observations by one of us (R.T.) at A. membranacea trees close to large nest aggregations. However, because large euglossine bees like Eulaema and Eufriesea species (R.T., unpublished data) and large centridine bees (Centris sp. and Ptilotopus sp.) (D. Frame, personal communication) also have been observed collecting pollen at Apeiba ßowers, it is possible that E. metatarsalis is not the only bee capable of successfully pollinating A. membranacea.
The collection of ßoral oils is common in centridine bees (Vogel 1974 , Neff and Simpson 1981 , Vinson et al. 1997 . For most oil-collecting centridine bees, it is not known to what extent, however, these ßoral oils are mixed with pollen for larval nourishment or whether oil is used as construction material for cell walls and cell caps. We suggest that E. metatarsalis females visit Malpighiaceae ßowers to collect a small quantity of ßoral oils and passively take up a few pollen grains of the oil host. Westrich (1989) categorizes a number of temperate zone bees as "Feuchtsammler" ("feucht"ϭmoist, "sammeln"ϭcollecting): bees that use nectar, possibly mixed with salivary secretions to moisten their pollen loads. In E. metatarsalis, Malpighiaceae oil might fulÞll the same purpose as nectar for temperate zone "Feuchtsammler," i.e., increasing the stickiness of the collected pollen. The consistency of scopal pollen loads in E. metatarsalis is not as paste-like as described for some "Feuchtsammler" or other centridine bees (Vogel 1974 ; R.T. unpublished data); however, pollen loads are clearly stickier and moister than pollen from Apeiba anthers.
In addition to oils collected during pollen gathering, E. metatarsalis females bring large loads of transparent oil to the nest that are not obviously mixed with pollen. Unfortunately, we did not document at which stage of provisioning these large, probably almost pure oil loads (Fig. 5) are brought in. However, Hiller and Wittmann (1994) reported that oil was collected in For each larval provision, one sample was taken from the periphery and one sample from the center of the pellet. Brood cells 1Ð 4 were excavated at La Guaria on 15 July 1999, and brood cell 5 at Plagas 1 on 20 July 1999.
two stages during nest building and provisioning by E. dejeanii. In cells in which pure oil loads were brought in before pollen provisioning had started, no oil was found at the bottom of the larval food. This led these authors to conclude that pure oil loads were used for lining the inner cell. When provisioning Þrst started, pure pollen loads were brought in, followed by loads of pollen mixed with oil. In our study, layers found in large pellets of larval provisions might have consisted of oil but also could have been nectar or of glandular origin.
At our study site, it seems that both A. membranacea and B. crispa are of paramount importance for the reproduction of E. metatarsalis. Due to their growth or wood properties, neither species is currently being promoted in commercial wood production. Conservation of this bee species in anthropogenic environments may therefore require patches of natural forest interspersed with agricultural Þelds and forestry plantations. Oligolectic bees may be especially vulnerable to habitat fragmentation, because they tend to start with low levels of genetic variation (Packer et al. 2005) and have a life history of nesting in scattered aggregations.
Large-scale geographic variation in the host plant specialization of E. metatarsalis, and the ability of E. metatarsalis to facultatively use other pollen sources, should be investigated to fully evaluate the need for speciÞc conservation measures for this species.
